Phagocytic cells such as neutrophils and macrophages
Figure 1
Time-lapse confocal images of the effects of phagocytosis on the distribution of GFP-FYVE and GFP-PX in RAW 264. 7 
cells. (a)
Images collected using a GFP-FYVEexpressing RAW cell line. Opsonized zymosan particles were added to the cells (approx 1 ϫ 10 6 ml Ϫ1 ), and images (0.5 s exposure) were captured in a single confocal plane (1 m) at given times; phagosomal ring closure has been defined as time zero in this and all subsequent image figures. The images describe the attachment and uptake of a single particle; an arrow indicates the position of the particle at the point of attachment (confirmed by phase contrast; data not shown). A full time-lapse movie sequence displaying the successive uptake of three particles in this single confocal plane is available as Movie 1 in the Supplementary material. In Movie 1, and all subsequent movies, the time indicated is the time of recording, not the time from closure of the phagosome. Very similar results have been obtained with three independent clonal cell lines. (b) Images collected using a GFP-PXexpressing RAW cell line. Images (0.5 s exposure) were collected using continual z-sectioning (15 ϫ 1-m images per z-section, see Material and methods contained in the Supplementary material) during particle uptake. The frames that are shown represent the attachment and uptake of two successive particles visualized in a single confocal plane; the attachment of the first particle is indicated by an arrow. A full timelapse movie sequence taken in a single confocal plane is available as Movie 2, and an example of three z-sections taken throughout the phagocytic process, comprised of 15 successive 1-m images, is available as Movie 3; see the Supplementary material. (c) Single confocal plane images derived from the indicated time frames of the GFP-PX movie shown in (b), presented as an X,Y,Z plot with the z axis representing the intensity of GFP fluorescence (also color coded blue to yellow to represent increased fluorescence). The asymmetric rise in intensity of GFP fluorescence around the phagosome, the cytosolic drop in fluorescence, and the maximal intensity achieved on the phagosome and (c) above. Arrows indicate the position of (e) Compilation of data accumulated using relative to endosomal structures is clearly the six time frames surrounding the uptake independent GFP-PX-and GFP-FYVEseen with this type of analysis. (d) of the first particle and the phagosomal expressing RAW cell lines for changes in the Quantification of changes in GFP formation shown in (c). The GFP GFP-fluorescent intensity in the phagosomal fluorescence intensity in the cytosol and fluorescence intensity of the cytosol is given membrane (black squares) and the cytosol discrete areas of the initial phagosome as a ratio to that measured inside the nucleus (red circles) (relative to nuclear intensity to (proximal and distal edges) in the single GFP-(in an appropriate confocal plane; see account for bleaching) during the uptake of PX-expressing RAW cell undergoing Materials and methods) to minimize artificial the first zymosan particle. The data represent phagocytosis shown in (b) reductions due to photobleaching. the mean Ϯ SEM of 4-6 phagocytic events.
cell section. In order to gain more information about an entire z-section of the cell made up of 15 1-1.2-m images could be captured in ‫02ف‬ s (examples of z-sections changes in GFP fluorescence throughout the cell, we looked at successive z-sections during particle uptake.
at three different times during a phagocytic event are shown in Movie 3). Thus, continual z-sectioning could be GFP fluorescence intensity in some of our cell lines was sufficient to reduce image capture to 0.5 s, and, hence, performed during particle phagocytosis quickly enough, attachment, a large, rapid increase in GFP probe accumurelative to the observed movement of GFP-positive endolation spreading from the proximal face of the phagosome somal and phagosomal structures, that changes in their right around the entire structure was observed (Figure total cellular content could be accounted for with some 1b,c). This increase in intensity of GFP probe accumulaconfidence. This analysis allows us to make more detailed tion around the phagosome is greater than that seen for descriptions of the events surrounding the clear accumulaindividual endosome structures in the cell ( Figure 1c ) and tion of the GFP probes around the internalized phagosome.
is accompanied by a significant drop in the cytosolic GFP probe (Figure 1c ,d,e), suggesting that it reflects increased Upon phagosome closure, GFP-positive endocytic strucsynthesis or availability of PtdIns3P in the phagosome, tures distributed throughout the cell migrate to the proxiresulting in direct translocation of the GFP probe from mal edge of the emerging phagosome (this can be seen the cytosol to the phagosomal membrane. This interpretain one confocal plane in Figure 1b,c) . This is accompanied tion is consistent with the reduction in GFP-positive vesiby clear examples of attachment of some of the GFPcle fusion events with the phagosome that is observed positive vesicles to localized areas of the phagosome (an during this phase (data not shown). Further, we have example is shown in Figure 2a and Movie 4). At this level noted that GFP-positive vesicle contacts at this and later of magnification, it is difficult to assess whether those stages tended to be transient; attachment was quickly vesicles strictly fuse into the phagosomal membrane or followed by the detachment of vesicles of similar size and remain attached as discrete structures, but there does fluorescence intensity (data not shown). These observaappear to be some spreading of GFP probe fluorescence tions are consistent with the "kiss and run" contacts preinto the area of the phagosomal membrane (arrows in viously postulated to occur between endosomes and ma- Figure 2a ), suggesting that fusion does indeed take place.
turing phagosomes [8] . We also noted changes in the morphology of some of the GFP-positive structures, often rapidly tubulating from the proximal region of the phagosome where the vesicles had
We sought confirmation that the GFP-positive tubularvesicular structures in GFP-FYVE-and GFP-PX-expressaccumulated (an example is shown in Figure 2b and Movie 5). Following phagosomal closure and vesicular ing RAW cells were early endosomes by looking at their Figure 3a show very extensive overlap between the GFP-and EEA-1-positive structures.
via Fc␥ receptors [9] . Cross-linking of these receptors by the IgG stimulates a complex series of events that involves Further, we could confirm the attachment and the possible fusion of EEA-1-positive vesicles with the phagosome coordinated interactions between the plasma membrane (lamellipodia extension) and the cytoskeleton on a large (Figure 3b ), but it was noticeable that delivery of EEA-1 onto the phagosome was spatially restricted, and we saw scale [10], eventually leading to particle internalization. There is convincing evidence that Fc␥-dependent activano evidence of homogeneous, large-scale EEA-1 accumulation around its limiting membrane. Endogenous EEA-1 tion of class I PI3 kinases is required for the processes leading to phagosome closure [11] . It seems likely that distribution is very largely confined to particulate structures with little or no detectable cytosolic presence, and these PI3 kinases generate localized accumulations of PtdIns(3,4,5)P 3 around the emerging phagocytic cup [12] it is known to be governed by targeting forces in addition to PtdIns3P binding to its FYVE domain (e.g., binding
and control some of the cytoskeletal reorganization required to internalize the particle, possibly via the regulato rab5), and thus it is likely that the EEA-1 distribution will not be dominated by the rapid production of PtdIns3P tion of small GTPases of the Rho and Arf families [13] .
The striking results presented here are that heteroloin structures other than those in which it currently resides. These results serve to confirm, however, the different gously expressed PtdIns3P binding domains show a dramatic accumulation on the phagosomal membrane subsephases of PtdIns3P generation on phagosomes observed with both GFP-FYVE and the GFP-PX probes.
quent to phagosomal closure. These effects are seen using two structurally unrelated PtdIns3P binding probes and thus strongly suggest that PtdIns3P levels are elevated
PtdIns3P is synthesized upon closure of the phagosome
The above analysis strongly suggests that PtdIns3P is around the internalized phagosome. The quantitatively major phase of PtdIns3P binding domain accumulation is synthesized upon phagosomal closure. To confirm this, RAW cells were labeled with 32 P-labeled Pi, and populaderived from the reservoir of this protein in the cytosol rather than that present on surrounding endosomes, sugtions were challenged with opsonized zymosan particles for 5 or 20 min, and then their 32 P-labeled phosphoinosigesting that net synthesis of PtdIns3P occurs. This is confirmed by our observations with 32 P-labeled populatides were quantified after extraction and separation of their deacylated derivatives by HPLC (Table 1) . It is tions of RAW cells, indicating that total cellular 32 Plabeled PtdIns3P levels are significantly elevated after difficult to orchestrate synchronized particle uptake with a protocol that does not compromise measurements of the addition of IgG-opsonized zymosan particles. Taken together, these observations strongly suggest that PtdIns3P 32 P-labeled lipid levels or specific activities: we adopted a simple protocol whereby cells with phosphoinositides is rapidly synthesized on phagosomal membranes. labeled to pseudo state with 32 P were allowed to progressively phagocytose particles at a ratio of ‫02ف‬ particles/ Based on current knowledge, there are three independent possibilities for how this rise in phagosomal PtdIns3P is cell. Examination of parallel incubations of fixed cell populations indicated progressive uptake of particles between generated. Firstly, it is possible that PtdIns3P is derived from the sequential breakdown of PtdIns(3,4,5)P 3 and 1 and 30 min to an average of 3-4 particles per cell. Under these conditions, zymosan stimulated a significant rise of PtdIns(3,4)P 2 by the action of 5-and 4-phosphatases, respectively; some evidence in favor of this model is that about 30% in 32 P-labeled PtdIns3P levels, a much smaller but significant rise in 32 P-labeled PtdIns4P levels, a drop PtdIns(3,4,5)P 3 has been shown to accumulate around IgG-opsonized particles in RAW cells immediately prior in 32 P-labeled PtdIns(4,5)P 2 levels, and, at the earlier times, an increase in 32 P-labeled PtdIns(3,4,5)P 3 levels to and just after phagosomal closure (see above) and, further, that an established PtdIns(3,4,5)P 3 5Ј-phospha- (Table 1) .
